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Abstract

A breeding program was simulated in this study. Two
alternative ways of selecting the breeding population for
the following generation was compared. Phenotypic
selection, which means to select just on the individual
performance, and combined index selection, which
means selection on predicted breeding value for each
individual obtained by weighting family average and
individual phenotype, were compared. The plant num-
ber (testing resource) and gene diversity (status number,
Ns) were kept constant, but the breeding population size
was variable and chosen for maximizing gain for the
particular breeding scenario. At low and medium heri-
tability phenotypic selection was inferior to combined
index selection. Only when heritability was high pheno-
typic selection was as efficient (generation 1) as or more
efficient (generation 5) than combined index selection.
This contrasts to earlier studies done under constant
breeding population size, where selection methods
appeared similar. The advantage in gain of combined
index selection is usually at a larger breeding popula-

tion size. At limited heritability and breeding population
size the difference is considerable. When breeding popu-
lation size was kept rather small (<100), and the heri-
tability limited, combined index selection can result in
slightly higher gain than phenotypic selection at the
same gene diversity, but this was at the cost of a much
larger breeding population. Phenotypic selection and
combined index selection appears as rather similar for
many cases in this simple model used in this study. Con-
sidering other advantages with phenotypic selection, it
may often be regarded as a competitive alternative.

Key words: heritability, genetic gain, status number, gene
diversity, breeding population size, selection efficiency.

Introduction

Genetic gain and gene diversity are two goals which
plants breeders want to combine, it means that a com-
promise between these two goals has to be made. Pheno-
typic selection (PS, mass selection) is based on individ-
ual performance only. Combined index selection (CIS)
means selection based on an index combining individual
values with family averages weighting the two sources
of information to maximise the correlations between the
index and the true breeding values of the individuals,
and it maximizes genetic gain (FALCONER, 1989). Pheno-
typic selection (PS) is a classical method, it is very sim-
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ple and it can be considered cost efficient (BURTON, 1974
a, b; COTTERILL, 1986; DEMPFLE, 1990). Several papers
have been published regarding genetic gain and gene
diversity, WEI and LINDGREN (1991) reported that com-
bined index selection (CIS) was inferior to phenotypic
selection (PS) if compared at the same effective popula-
tion size but in its comparison the selection intensity
was allowed to vary and the family number and size
were considered infinite. ANDERSSON et al. (1998) and
others found that at high heritability phenotypic selec-
tion was as efficient as restricted combined index selec-
tion with restrictions on the number of offspring per
parent selected, and not much inferior at low heritabili-
ty. In such earlier comparisons family size and parent
number (breeding population size) were constant. To
control the level of gene diversity at combined index
selection, restriction was made (e.g. constraining the
maximum number of offspring a parent can have).
Restrictions decrease the efficiency of selection and are
generally unfair to comparisons where combined index
selection is impaired with by introducing restrictions.
The faster lose of gene diversity often occurring by com-
bined index selection could be compensated by increas-
ing breeding population size, but this has seldom or
never been considered. The size of the breeding popula-
tion can be optimized and comparing different breeding
strategies at the same breeding population size may
result in biased conclusions (DANUSEVICIUS and LIND-
GREN, 2005). To compare the efficiency of different selec-
tion methods, the gene diversity in term of status num-
ber (Ns), the overall cost should be kept constant while
the breeding population size should be allowed to vary.

The aim of this study is to compare the efficiency of
phenotypic selection versus combined index selection
without restrictions on breeding population size at the
same status number and at the same number of experi-
mental plants.

Methods

The model breeding program

A tree improvement program can be thought of as
repeated cycles with mating, testing and selection. The
particulars of the simulated breeding program was cho-
sen to facilitate a relevant comparison of phenotypic
selection and index selection over a range of conditions,
to be simple, to allow fast simulation, and to be relevant
for real breeding. Selection was done without any
restrictions either on the phenotype or on a combined
index optimally weighting family and individual value.
Mating design was double pair mating (DPM), each indi-
vidual in the breeding population is the parent of two
full sib families (selfing excluded), and parent pairs
were formed randomly. DPM is a standard for Swedish
conifer breeding (ROSVALL, 1999). Initially, individuals
were assumed unrelated and not inbred, during the sim-
ulated breeding program various degrees of relationship
and inbreeding developed. The family number was set to
5, 10, 20, 40, 80, 160, 320 and 640. To keep the total
budget constant, the total number of test plants was
fixed to 1280, so the corresponding family sizes were
256, 128, 64, 32, 16, 8, 4, and 2, respectively. The breed-

ing population size is the same as the number of selec-
tions, thus each selection is used as a parent for two
families in the subsequent generation. The number of
selections was the same as the number of families in
order to keep the breeding population constant over
time. The “budget” was independent on the number of
selections. All genetic variance was assumed to be addi-
tive; dominance and epistatic variances were assumed
to be absent. Initial genetic variance was preset, so the
initial true narrow sense heritability was 0.01, 0.2, 0.5,
and 1.0, but heritability changes over generations.

Simulation

The complexity, the high costs of each experimental
tree and its handling, the complex interaction among
individuals in field trials and the long time needed of
multi-generation breeding program inevitably lead into
simulation as a method of evaluation of different alter-
native breeding strategies. A software, the stochastic
quantitative tree breeding simulator POPSIM, was used
for this study (we used a version from 2002, an earlier
version, which essentially is identical to the current,
was described by MULLIN and PARK, 1995). 

To improve accuracy of comparisons, the compared
alternatives were initiated with the same founders
when possible by using the same seed number to the
simulator pseudorandom-generator.

The simulation accepts the size of the breeding popu-
lation as entry. Individual simulations results in uneven
values on status number which are different for the dif-
ferent selection strategies. To compare the two methods
at exactly the same status number, linear interpolation
(which works if the breeding population sizes chosen are
close enough) between adjacent values was applied
rather than using a time-consuming and cumbersome
iterative process. 

The status number was defined by LINDGREN et al.
(1996) as half the inverse of the group coancestry (Θ,
COCKERHAM, 1967):

(1) 

Where group coancestry (Θ, which can be interpreted
as the average coancestry in the population or a mea-
sure of gene diversity lost compared to “the wild forest”)
is the probability that two genes, which are taken at
random from the gene pool with replacement, are identi-
cal by descent:

(2)  

where n is the population size, θij is the coancestry
between individual i and j.

Gain and status number (Ns) were calculated for a
selection among progenies originated from double pair
mating (DPM) crossings of a defined population size. In
order to compare the difference in gain of the two meth-
ods among different gene diversity, individual effects
were stochastically generated from normally distributed
genetic and environmental effects with expected means
and variances preset or derived by POPSIM. The total
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phenotypic variance is the sum of additive genetic and
environmental components. Note that the heritability
was calculated by POPSIM as by a real breeder, who
does not know the true value. Therefore there were
small fluctuations in calculated heritability among iter-
ations. If a real initial heritability was set to 1.0, POP-
SIM will act as if it were slightly below 1.0, as observa-
tions in iterations above 1 will be interpreted as 1.0, as
a sensible breeder would do. Heritability sinks slightly
from generation to generation as the genetic variance
decreases over generations just the initial “true” heri-
tability is shown. The number of iterations was chosen
to 100, which turned out sufficient to get reproducible
results. Simulation was carried out for five generations.

The superiority by phenotypic selection for genetic
gain (δG) and breeding population size (δN) at the same
status number can be formulated.

δG = (GPS–GCIS)/GPS; δN = (NPS–NCIS)/NPS, (3)

where GPS and GCIS are the gain of phenotypic selection
(PS) and combined index selection (CIS) at the same sta-
tus number respectively; NPS and NCIS are the breeding
population sizes of phenotypic selection (PS) and com-
bined index selection (CIS) at the same status number
respectively.

Results

Gene diversity (status number) and genetic gain

Genetic gain decreased with increasing status num-
ber. The steepness of the decrease varied with selection
strategy, heritability and generation (Table 1).

The selection methods and heritability

When initial heritability was very low (0.01), com-
bined index selection was much more efficient than phe-
notypic selection, the superiority of combined index
selection was 11–126% (generation 1) and 9–60% (gen-
eration 5) (Figure 1). At medium heritability (0.2, 0.5),
still combined index selection appears more efficient
than phenotypic selection, but as heritability increases,
the superiority of combined index selection decreases
and phenotypic selection seemed slightly better at gen-
eration 5 and h2 = 0.5 (Figure 1). When heritability is
high (0.5–1.0), phenotypic selection is superior or
approximately equal to combined index selection. After 5
generations, the genetic gain is 0.6–17% higher, but at
the first generation, there is no evident difference
between phenotypic selection and combined index selec-
tion (Figure 1). 

Accumulated genetic gain over generations

Phenotypic selection appeared better compared to
combined index selection in the 5th generation than in
the first (Table 1, Figure 1). It may be formulated that
phenotypic selection appears to be more sustainable and
relatively speaking more to its advantages in long-term
breeding.

Gain and breeding population size

The size of the breeding population needed to achieve
a certain status number is considerable lower for low

status number than for high, in particular for low heri-
tability. The differences developed differently over gen-
erations for different heritability, for high heritability
they become larger, but for low heritability slightly
smaller (Figure 2). At low breeding population size
(<100), considerably larger breeding population sizes
were optimal for combined index selection than for phe-
notypic selection (unless heritability was not very high).
At moderate heritabilities (0.2; 0.5) the alternatives
resulted in similar gain, but with a much higher breed-
ing population size at moderate population sizes (<100)
(Table 1).

Discussion

The simulated breeding program versus real breeding
programs

The model breeding program considered here was
designed heading for a tree breeding program with typi-
cal components and covering a range of situations, but
of course real programs are usually different to a vary-
ing degree. Full pedigrees with known seed parents and
pollen parents for the breeding population are assumed.
Simpler programs may use only seed parent pedigree. It
seems that phenotypic selection is relatively more
favourable when the pedigree is less controlled. The
high efficiency of phenotypic selection is an argument to
use breeding systems without known pedigrees (e.g.
LINDGREN, 2003). All members in the breeding popula-
tion contribute the same number of offspring. That was
till recently the case for most tree breeding programs at
least for segments of the breeding program, like an elite
or nucleus population. There are advantages in struc-
turing the breeding population with positive assortative
mating and with allocating more resources to better par-
ents (e.g. LSTIBUREK, 2005). The mating design (DPM) is
typical for Sweden conifer breeding, it is suitable for
principal studies as there are many parents as families,
and it has been used as a case study for at least 20
papers. Our simulated program does not usually work
with constraint (within family selection or a highest
number of selected per family) although many earlier
programs do, but these constraints make real programs
less efficient compared to our model. Our program uses
a small total resource, which may be kept in mind when
drawing conclusions and probably favors phenotypic
selection. However our scenarios cover a range of plants
per family and include numbers considerable larger
than most practical programs, and is thus even from
that point of view rather realistic.

Unrestricted combined index selection and restricted
combined index selection.

Restricted combined index selection here means that
first combined index values were calculated for each
individual, when the individuals were ranked for these
values and selections were made from the top. But if a
candidate for selection share the same parent as a num-
ber of higher ranking selections (= restriction limit), it is
not selected. Phenotypic selection and restricted com-
bined index selection can be compared by setting the
restriction limit to the value, which gives the same sta-
tus number (interpolation techniques were used).
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Table 1. – Gain and breeding population size of phenotypic selection (PS) and combined index selection (CIS) at the
same status number with the same number of test plants.

Two cases were simulated at initial heritability 0.20
(Table 2). The entries were chosen to make it roughly
compatible with some of the results obtained by ANDERS-
SON (1998b) to demonstrate the differences between the
different concepts of comparing at the same status num-
ber. The difference between CIS and CISr was obvious,
at generation 1 and status number 89, PS was 16.31%
inferior to CIS but 7.87% superior to CISr; at generation
5 and status number 22, PS was almost as efficient as

CISr but was 7.31% inferior to CIS. CIS was 20.79%
superior to CISr in the first generation and 6.11% in
generation 5 (Table 2). Contrasting, ANDERSSON reported
that phenotypic selection (PS) was almost as efficient at
generation 1, or slightly less efficient at generation 5 as
restricted combined index selection (CISr) in small fami-
ly size (20) (Table 2, 1998b); unrestricted phenotypic
selection was found to be similar to or better than
restricted combined index selection at the same status
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Figure 1. – Difference in gain (δG) between phenotypic and combined index selec-
tion at different heritability at the same status number. Positive difference
means that phenotypic selection offers highest gain.

number for heritability higher than 0.20 (1998a). In
principle CIS in the context used here is more efficient
than CISr, so the later should be used with care or not
at all. As an alternative where CISr is used, it should be
considered if the size of the breeding population could be
expanded, so CIS could be used leaving an acceptable
level of gene diversity.

Phenotypic selection and combined index selection

Phenotypic selection has been shown to be an surpris-
ingly efficient method for achieving gain while preserv-
ing genetic variance and gene diversity from generation
to generation and is often compatible with restricted
index selection (e.g. ANDERSSON et al., 1998), LINDGREN

(2003) recommended phenotypic selection as an alterna-
tive low-input technique for seed production and long-
term breeding. We found that, under constant plant
number and at low heritability (0.01), the selection effi-
ciency of phenotypic selection was much inferior to that
of combined index selection, in particular in combination
with low status number. Only when heritability was

high, phenotypic selection was as efficient as or, after
multiple generations, slightly more efficient than com-
bined index selection. In contrast, ANDERSSON (1998b)
pointed out that, under constant breeding population
size, at the same status number and in small family
sizes, phenotypic selection could get the same gain (at
low heritability) or more (at high heritability) compared
with restricted combined index selection. In this study
consideration was made only for family performance and
individual performance. Real breeders nowadays use the
information more efficient, particular in advanced gen-
erations, and if such breeding value estimates are used
phenotypic selection will be less efficient (cf. the devel-
opment of POPSIM used by LSTIBUREK, 2005). 

Should tree breeders use combined index selection or
phenotypic selection?

The resources were considered constant as the num-
ber of experimental plants was kept constant, but this is
generally unfair against phenotypic selection. Phenotyp-
ic selection requires simple calculations; the risk for
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Figure 2. – Difference in population size (δN) (%) between phenotypic and com-
bined index selection  at different heritability at the same status number.

Table 2. – Comparison between unrestricted combined index selection (CIS) and restricted com-
bined index selection (CISr) at initial heritability 0.20 (δG means percent superiority in gain).

mistake is small; not even field identification of experi-
mental plants are needed; the selection can be made
faster as no complicated in office calculations are need-
ed. It would be fair to put a rather high price on the size
of the breeding population. Pollen management must be
done on more individuals, more artificial crosses need to
be made, clone archives become larger. Typically, the
breeding population size is not controlled by the person
choosing the selection strategy, and the breeding popula-
tion may often have been set too low to use CIS without
unacceptable gene diversity losses. If large breeding
populations cannot be conveniently used, that is an
argument for using phenotypic selection. For reasonable
large heritability the difference between the selection

alternatives in our model is almost negligible, in partic-
ular after some generations and if low status number is
not tolerated. Thus other factors outside the model may
be decisive and make phenotypic selection more
favourable. Thus, it is often justified to consider pheno-
typic selection as an alternative to combined index selec-
tion. 

Implication for the size of the breeding population.

The optimal size of the breeding population is general-
ly high (Table 1), in particular considering the low
resource in this study, and in particular when associated
with combined index selection. This is an argument for
using rather large breeding populations.
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Abstract

Relationships between cashew nut yield and nine
agronomic traits comprising seven reproductive (nut
and floral) and two vegetative characters were studied
in 59 selected cashew genotypes over three production
seasons. Phenotypic correlation analysis showed that
nuts per panicle (r = 0.844), number of nuts per tree (r =
0.988) and number of hermaphrodite flowers per panicle
(r = 0.863) were positively correlated with nut yield and
could be used as primary components for improving
yield. Although correlation analysis showed insignifi-

cant association between nut weight and nut yield, path
analysis revealed that the trait had significant positive
direct effect (0.317) on nut yield. The subtle indirect
effects of nut weight and leaf size on nut yield were
more important than their direct effects and could be
classified as secondary components. Both the direct and
indirect effects of weight of the whole fruit and tree
canopy on nut yield were negative and appeared detri-
mental.

Key words: Anacardium occidentale, Correlation analysis, Path
analysis, Breeding.
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